Mechanism of Thrombin's Enigmatic Sodium Switch Revealed  by Abrahams, Jan Pieter & Thomassen, Ellen A.J.
Previews
363
Selected Reading 2. Kirsch, T., Sebald, W., and Dreyer, M.K. (2000). Nat. Struct. Biol.
7, 492–496.
3. Greenwald, J., Groppe, J., Gray, P., Wiater, E., Kwiatkowski, W.,1. Hart, P.J., Deep, S., Taylor, A.B., Shu, Z., Hinck, C.S., and Hinck,
A.P. (2002). Nat. Struct. Biol. 9, 203–208. Vale, W., and Choe, S. (2003). Mol. Cell 11, 605–617.
Structure, Vol. 11, April, 2003, 2003 Elsevier Science Ltd. All rights reserved. PII S0969-2126(03)00056-X
In addition to these mechanisms, thrombin’s activityMechanism of Thrombin’s
is also regulated allosterically through a conformationalEnigmatic Sodium Switch Revealed switch that is activated by sodium ions [1]. At low sodium
concentrations, the “slow” form of thrombin dominates,
which changes into the “fast” form at high concentra-
tions. Intriguingly, the sodium levels in blood are tightly
A new crystal structure of thrombin that has the hall- maintained at concentrations that promote thrombin’s
marks of its elusive slow conformation reveals a de- fast form. However, given thrombin’s additional roles
tailed mechanism of thrombin’s allosteric sodium in inflammation [2] and even in neuronal plasticity [3],
switch and underlines its—mysterious—physiological reversible regulation of thrombin’s activity by altered
relevance. sodium concentrations in nonblood environments can-
not be ruled out. So far, all reported structures of throm-
Blood is probably one of the most versatile tissues. It bin have a very similar conformation, reflecting the fast
transports nutrients, metabolites, signaling molecules, form of thrombin. Even the recent structure from crystals
and immunoactive compounds throughout the body. grown at low sodium concentrations did not show a
When shed, it quickly clots. Clotting is induced by the major conformational change [4]. Also, in the presence
thrombotic cascades, in which a fast, successive activa- of the thrombomodulin effector domain, thrombin is in
tion of enzymes ultimately transforms soluble fibrinogen the fast conformation, which provided further evidence
into solid fibrin. The intricate pathways of these cas- that the sodium switch probably is not required for the
cades allow rigorous checks and bounds, resulting in alteration of thrombin’s specificity from plasminogen to
tight regulation, not only to prevent the loss of blood, protein C [5]. So along with the questions that remain
but also to prevent the formation of inappropriate clots. concerning the physiological relevance of the sodium
Thrombin is one of the most downstream actors of switch, many questions remain concerning its structural
the clotting cascades, where it cleaves fibrinogen into mechanism.
fibrin to induce its coagulation. Thus, thrombin also However, new data have emerged. The paper by Hunt-
starts a positive feedback loop as the resulting clot fur- ington and Esmon in this issue of Structure describes
ther activates more upstream actors of the cascade. a serendipitous finding of a new, so far unknown confor-
Thrombin’s activity and concentration levels are tightly mation of a thrombin active site mutant that apparently
regulated. In complex with thrombomodulin, thrombin crystallizes because of favorable crystal contacts, de-
switches its specificity and instead of cleaving fibrinogen, spite being the minority conformation in solution [6].
it activates protein C, which downregulates the thrombotic Though the catalytic triad remains intact, the pockets ac-
cascade. Furthermore, thrombin is irreversibly inhibited commodating the P2, P4, and P4 residues of the substrate
by antithrombin, a serpin that also inhibits the upstream cleavage motif close. The authors make a strong case that
activator factor Xa. Each of these regulatory mecha- the new conformation corresponds to the slow form of
nisms serves a specific purpose: (1) at the site where thrombin, by pointing out that many observations con-
clotting is required, thrombin not only cleaves plasmino- cerning the allosteric switch agree with the reported
gen, but also indirectly promotes the local activation of conformation. Nevertheless, because the reported con-
new thrombin molecules; (2) thrombin that has diffused formation still has a sodium ion bound in the crystal,
away from the clotting area can bind to thrombomodulin, local to the sodium binding site, the reported conforma-
a membrane protein exposed by intact epithelial cells; tion may not fully correspond to the slow form. Apparently,
(3) in complex with thrombomodulin, thrombin is pre- even in the presence of sodium, thrombin’s slow and fast
vented from cleaving plasminogen and instead activates conformations differ very little in stability, and the balance
protein C, thus indirectly preventing the local formation can be tipped by relatively weak intermolecular interac-
of new thrombin molecules; and (4) subsequently, es- tions as exist on a growing crystalline surface.
caped thrombin is rounded up by antithrombin, which Huntington and Esmon point out that the residues
for its activation requires a specific pentasaccharide motif that relay the allosteric switch are strictly conserved
within the heparan sulfates that line the surface of epithelial among all known thrombin species. This underlines the
physiological relevance of the sodium switch. However,cells.
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protease-inhibitory serpins tend to unravel and evenSerpins Are Getting Hotter
polymerize at temperatures in excess of 45C.
Based on what is known of serpin thermal instability,
it would be predicted that inhibitory serpins would not
be present in thermophiles. Surprisingly, this is not the
case—the recent release of genome information from aProtease inhibitors of the serpin family require thermo-
number of thermophilic prokaryotes has revealed thedynamic instability for their mechanism of inhibition,
presence of putative serpin genes [4]. However, theand a recent paper from Irving and colleagues demon-
question remained—are the proteins encoded by thesestrates the structural basis for how a serpin from a
genes capable of protease inhibition? An elegant studybacterial thermophile deals with life at elevated tem-
from Irving and colleagues in this issue of Structureperature.
has demonstrated that the serpin thermopin from the
moderate thermophile Thermobifida fusca (optimal
The natural history of the serpins reveals their presence growth at 55C) is indeed a protease inhibitor [5]. Pre-
in almost all of the biotic kingdoms, where they contrib- viously, protein engineers had been able to create con-
ute essential regulatory functions as well as viral offense formationally stable serpins by mutagenesis of the scaf-
strategies [1]. The founding members of the serpin family fold only at the expense of protease inhibitory function
were identified 30 years ago as protease inhibitors that [6]. Nature’s answer involves increased intramolecular H
control coagulation, fibrinolysis, and inflammation. Later bonding and an additional twist: a stabilizing interaction
it became clear that the family also includes homologs between the novel short C-terminal tail of thermopin
such as angiotensinogen and ovalbumin, which have no and a conformationally sensitive region common to the
inhibitory function. As pointed out by Russell Doolittle, structure of protease-inhibitory serpins. This interaction
one of the founders of bioinformatics, serpins seem to presumably aids in trapping the metastable state during
have evolved a useful scaffold upon which to place one protein folding. It may even stabilize the labile conforma-
of several unrelated functional units [2]. The serpin scaf- tion in an environment that most serpins find hostile.
fold has become a focus over the years of intense re- Interestingly, the putative serpin from the extremophile
search because of its unusual nature. Pyrobaculum aerophilum (optimal growth temperature
In considering protein structures, one usually thinks 100C) contains a similar C-terminal tail, begging the
about compact domains that subscribe to the principle question of whether this is a conserved solution or one
that a protein will take on a fold of minimal energy. The independently invented by each thermophile. However,
serpin fold represents an unusual paradox. Most of the it will be a difficult job to test this hypothesis because
members of the family are active site-directed inhibitors most target proteases would be denatured well below
targeting serine and cysteine proteases. They represent 100C. The use of thermally stable proteases such as
the most broadly tolerant of all known active site inhibi- protease K, which is inhibited by serpins [7], may help
tors. To achieve this, serpins require that the functional in this context.
inhibitory form be a metastable intermediate in a folding In the broader view, we consider that polymeriza-
pathway to the minimal energy structure, as suggested tion—an inherent property of the serpin fold—may con-
by Robin Carrell [3]. As a consequence, the serpins pay tribute to noninhibitory biologic properties of human
a penalty because the metastable form is inherently serpins. Indeed, such a case has been made for plasmin-
unstable. Noninhibitory family members have dispensed ogen activator inhibitor 2 [8] and could potentially ex-
plain the collagen chaperone activity of the serpin Hsp47with this requirement for a metastable conformation, but
